Ion acceleration by circularly polarized laser pulses interacting with foil targets is studied using two dimensional particle-in-cell simulations. It is shown that laser pulses with transverse super-Gaussian profile help in avoiding target deformation as compared with the usual Gaussian pulse. This improves monochromaticity of the accelerated ion spectrum. Two kinds of surface instabilities have been found during the interaction. These instabilities can potentially break the target and destroy the quasimonoenergetic character of the final ion spectrum. Combined laser pulses with super-Hermite and Gaussian modes are used to improve the ion acceleration and transverse collimation.
I. INTRODUCTION
The rapid development of ultrashort ultraintense laser pulse technology has opened a gate to the new concept of particle accelerator. Recently, laser-plasma electron accelerators as well as ion accelerators have successfully generated quasimonoenergetic electron beams with GeV and ion beams with MeV energies. For electron acceleration, the laser wakefield acceleration is a perfect mechanism which has been extensively studied both theoretically and experimentally. 1 For the ion acceleration, however, many kinds of possible schemes have been proposed and checked, such as target normal sheath field acceleration ͑TNSA͒, 2 shock acceleration, 3 laser piston acceleration, 4 and so on. 5 Besides these, by studying the effects of self-induced transparency of an overdense plasma layer irradiated by a circularly polarized laser pulse, Shen et al. 6, 7 noticed that when the plasma is opaque, ions can be accelerated and compressed by a steady local charge separation field. Recently, this scheme has been further studied to generate monoenergetic ion beams [8] [9] [10] by use of a foil target with subwavelength thickness. In the scheme, electrons and ions move along with the foil target. The relatively steady laser ponderomotive force pushes the electrons a little further than the ions and generates the local charge separation field which then accelerates the ions behind. Since the target is thin enough, all the ions in the target are accelerated and move forward. The whole target is then repeatedly accelerated. The success of this scheme essentially relies on the absence of the oscillation term in the ponderomotive force of a circularly polarized laser pulse. This reduces the electron heating dramatically and thus suppresses the TNSA mechanism. 11, 12 A number of one dimensional ͑1D͒ particle-in-cell ͑PIC͒ simulations show that this kind of acceleration is stable and quite efficient both for the proton and ion accelerations.
Theoretically, GeV monoenergetic ions can be generated as long as the laser pulse duration is sufficiently long. 10 However, multidimensional effects should be considered for a real accelerator. In the 1D-PIC simulations, ions are accelerated and compressed only in the longitudinal direction. They cannot disperse transversely, so that the target is always assumed to be transversely uniform. This is very different in a real multidimensional case, where both the laser intensity and particle motion are transversely dependent.
In this paper, we study the multidimensional effects on this kind of ion acceleration. Especially, we concentrate on the laser transverse mode effects. We study the target deformation and transverse surface instability; both of these are critical for the final ion energy spectrum. By use of combined laser modes with super-Hermite and Gaussian modes, we observe that ions can be simultaneously accelerated and collimated by the laser ponderomotive force effect.
II. ION ACCELERATION BY GAUSSIAN AND SUPER-GAUSSIAN PULSES
The usual laser pulse has a Gaussian transverse profile. We begin our study of ion acceleration using this kind of a laser pulse. The total simulation box is 10͑x͒ ϫ 25͑y͒; here is the laser wavelength. The foil plasma consists of two species, electrons and protons, and they are uniformly distributed from x 1 =5 to x 2 = 5.5 with the density n =40n c . Here n c = 2 m / 4e 2 is the critical density for the laser pulse with the frequency . The initial electron temperature is 5 keV. The normalized maximum amplitude of the laser electric field at the focus is a 0 = eE 0 / mc = 30. The transverse radius of full width at half maximum ͑FWHM͒ is w 0 =6. The laser pulse has a trapezoidal temporal profile ͑linear growth-plateau-linear decrease͒, with 2 / c −20 / c −2 / c in the X direction. At t = 0 it enters the simulation box from the left boundary. Periodic boundary conditions are used a͒ Electronic mail: mchen@tp1.uni-duesseldorf.de.
PHYSICS OF PLASMAS 15, 113103 ͑2008͒
both for the particles and for the fields in the transverse direction; absorption conditions are used in the longitudinal direction. Figure 1͑a͒ shows the distribution of ions at t =12T 0 . As it shows, the target has already been deformed by the laser irradiation after seven laser periods. In the center, the target is also longitudinally broken and three density peaks of ions are formed. These peaks are related to the multishock wave generation when the laser irradiates the moving target front surface. It can be avoided by use of a higher density and thinner targets. Figure 1͑b͒ shows the ion phase space. Different colors represent ions in the different regions of the target as labeled in Fig. 1͑a͒ . The ions in the center of the target are mainly accelerated by the radiation pressure, and their rotation in the phase space can be observed. We also see that ions are still accelerated by the local charge separation fields near the three peaks. The ions in the red region of the target are accelerated by both radiation pressure and sheath field at the rear surface of the target. In the black region, they are only accelerated by the sheath field. This coexistence of multiple mechanisms of acceleration is due to the transverse nonuniformity of the laser pulse. It leads to the target deformation and the final ion spectrum broadening. The target deformation increases as long as the acceleration proceeds, as seen in Fig. 1͑c͒ , which shows the ion distribution at the time t =18T 0 . As the target deforms further, the effective incidence angle of the laser pulse also changes. As a result, electrons start being heated via the standard "vacuum heating mechanism" active for obliquely incident laser pulses. Due to the higher temperature, the electrons disperse around the target, generating space charge, and the sheath fields both at the front and at the rear side of the target. The radiation pressure dominated acceleration will be intermixed with the sheath field acceleration and the foil disassembles slowly.
The final ion spectrum is dramatically broadened. To avoid this effect, the laser pulse length should be cut to assure that the acceleration process stops before the target deformation. This limits the maximum ion energy in the quasimonoenergetic peak.
At first glance, one might imagine that using a transversely uniform distributed laser pulse, such as a superGaussian pulse, would solve the problem. We do a complementary simulation using a laser pulse with the transverse profile a ϰ a 0 exp͑−r 8 / r 0 8 ͒ with r 0 =20. The plasma foil width in the Y direction is 15, which is narrower than the laser focal spot. We do this just to ensure that all of the target is exposed to the uniform part of the pulse. The density distributions of ions and electrons at t =18T 0 are shown in Figs. 2͑a͒ and 2͑b͒, respectively. As we see, the whole target is indeed pushed forward by the laser pulse. There is no significant deformation compared with Fig. 1͑c͒ . However, we can see some microstructures on the target surface, which will be studied in detail in Sec. III. The effect on target temperature observed in these two simulations is compared in Fig. 1͑d͒ . The electron temperature in the center of the target is about 6.4 MeV when the target is irradiated by a Gaussian pulse. It reduces to 2.5 MeV when a superGaussian pulse is used. Since in our simulation the pulse width is much larger than the target, electrons at the edge of the target can be directly accelerated and heated by the laser fields. The electrons there then have much higher energies than the ones in the center, as shown in Fig. 1͑d͒ by the blue line. Figure 2͑d͒ shows the ion spectra in the different regions of the target irradiated by different laser pulses. As we see, in the center of the target the FWHM of the ion spectrum is about 40 MeV with a peak energy of 80 MeV when a Gaussian pulse is used. They change to the width of 30 MeV and the peak energy of 90 MeV when a super-Gaussian pulse is used. The spectrum of the ions at the edge of the target is much wider because of the higher electron temperature there.
Generally speaking, the super-Gaussian pulse can effectively prevent the target deformation and reduce the electron heating as compared with the normal Gaussian pulse, which improves the final ion spectrum.
III. SURFACE INSTABILITY
As we have seen, although the target deformation can be avoided by use of a super-Gaussian pulse, microstructures are formed on the target surface during the interaction. These small structures grow and at a later time the laser pulse will penetrate into them and break the whole target. Robinson et al. 8 and Klimo et al. 9 also observed such structures in their two dimensional ͑2D͒-PIC simulations. In some earlier papers, they have already been studied in the case of a linearly polarized pulse, 13 and recently Pegoraro and Bulanov 14 showed that a kind of Rayleigh-Taylor instability can happen during this interaction. Here we point out that there is another kind of instability when the accelerated target is smaller than the laser spot. The instability begins at the side of the target and propagates to the center. Under some conditions, it can dominate the whole instability. In Fig. 2͑a͒ we label the regions of the two different instabilities distinguished by the modulation periods. In the center of the target, the period of the microstructure is about half of the laser wavelength, which is similar to the one reported by Klimo et al. 9 At the side of the target, microstructures with period of laser wavelength are observed. In our simulations, we see that this instability can propagate from the side to the center of the target. It is excited due to the periodic dragging out of electrons by the laser electric field at the side of the target. When the electrons are dragged out, pushed forward, and leave the target, a net transverse current j y is generated. j y ϰ n e aef͑t͒ / ␥; here f͑t͒ is a periodic function which describes the electrons' outgoing and the period is / ͑c − v͒ with v the target speed. When v is small, the period is close to the laser period, which relates to the wavelength modulation on the target surface. The scattered laser pulse here also acts like a point source which later interacts with the target and induce the surface instability. However, because of the highly nonlinear character and complication of the couple of the fields and particle motion in the three dimensional geometry, a clear theoretical model for this kind of instability has not been gotten yet. We have done a few numerical simulations on this. We change the laser intensity ͑a 0 ͒, target density ͑n͒, and target thickness ͑D͒ to see which kind of instability plays the main role during the ion acceleration. We find that the / 2 instability dominates when the parameters of the laser pulse and target satisfy a 0 Ͼ nD / n c ; otherwise the instability dominates. In Fig. 2͑c͒ we show the density of the electrons at t = 18 when the laser intensity increased to be a 0 = 50. Although the side of the target has been destroyed by the instability, the center of the target is dominated by the / 2 instability. As we see from the simulation, the laser pulse can easily penetrate into the rather than the / 2 structure to break the target. Based on this, much more attention should be paid to get a good final ion spectrum.
IV. ION ACCELERATION AND FOCUSING BY COMBINED LASER MODES
In a real laser-plasma configuration, the ion acceleration is usually accompanied by target transverse expansion and breakup. The laser pulse must be short enough to avoid further destruction of the target as we mentioned before. The final ion energy is limited then. In this section, we study a possibility to use laser pulses of combined modes to simultaneously accelerate and collimate ions.
For a Hermite pulse with mode ͑l , m͒, the laser electric field is
͑Color online͒ Spatial density distribution of ͑a͒ electrons and ͑b͒ ions at t =18T 0 for the laser amplitude a 0 =30. ͑c͒ Spatial density distribution of the electrons for the laser amplitude a 0 =50. ͑d͒ Energy spectrum of ions at different regions of the target and irradiated by Gaussian or super-Gaussian laser pulse at t =20T 0 .
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where
x, and ͑x͒ = tan −1 ͑x / x R ͒. H l ͑x͒ and H m ͑y͒ are Hermite functions. When l = m = 0, it reduces to the usual Gaussian pulse H͑0,0͒; the maximum laser intensity is in the center.
In the 2D space, if we use combined pulses such as both the ͑0,0͒ and ͑2,0͒ modes, the centroid of the laser pulse will move in the transverse direction. We keep a 0 ͑2,0͒ / a 0 ͑0,0͒ = 0.3. Figure 3͑a͒ shows the laser transverse intensity distribution along the y axis with different distances from the focus plane. As we see the laser pulse has a higher intensity on the axis far before and behind the focus plane; however, there is a lower on-axis intensity at the focus plane. With such kind of laser profile, the direction of the laser ponderomotive force points to the laser axis near the focus plane as shown in Fig. 3͑b͒ . The electrons within this region can be focused by this force and the transverse dispersion of accelerated ions can be suppressed.
To demonstrate this, we have done 2D simulations with combined pulses and only Gaussian pulse. In the simulations, we keep both of the maximum amplitudes of the laser electric field at the focus to be a 0 = 9. The focal plane is x =12. The two laser modes have the same parameters such as , 0 , and Ќ ͑0,0͒ = Ќ ͑2,0͒ =2. We put the plasma in the range 9Ͻx Ͻ 9.2, which is before the focus, to see both the acceleration and collimation effects. The plasma density is 25n c . Figures 4͑a͒ and 4͑b͒ show the spatial distribution of ions at t =20T 0 and t =25T 0 for the case of combined pulses. As we see from Fig. 3͑a͒ , the laser intensity has a plateau in the center when it is about 0.25 Rayleigh length ͑x R ͒ away from the focus. In our simulation the plasma is located 3 Ϸ 0.24x R before the focus. From Fig. 4͑a͒ one sees that the ions are initially uniformly accelerated. Later the relatively weaker intensity of the laser pulse in the center makes the ions there slowly accelerate and the transverse dispersion of the ions is also obviously suppressed ͓compare Fig. 4͑b͒ with Fig. 4͑d͔͒ . However, in the case of the usual Gaussian pulse, ions in different regions of the target always experience different accelerations and the whole target is deformed at t =20T 0 . Later on, it is broken by the strong push in the center and the relatively slower motion at the sides. Both the electron heating and the lateral ponderomotive force acceleration from the laser pulse scatter the ions transversely. Finally, the acceleration structure is destroyed. Recently, by use of PIC simulations Yan et al. 15 found under some conditions that the Weibel instability can generate strong magnetic fields able to focus the plasma and form a stable acceleration structure in the laser propagation axis. This is exciting and the results need further investigation ͑initial results are submitted to Physics of Plasmas͒. Usually, however, the acceleration structure is unstable when the Gaussian pulse is used.
In Fig. 5 we compare the distribution of the momenta and the final spectrum of the ions at t =25T 0 by use of the two different laser pulses. As we see from Fig. 5͑a͒ two peaks appear in the distribution of transverse momenta of the ions when only a Gaussian pulse is used. It results from the transverse acceleration by the local charge separation field, which comes from the transverse electron expansion and ac- celeration due to the ponderomotive force of the pulse. This makes the ion disperse in the transverse direction. By use of the combined laser pulses, the transverse momenta of the ions are strongly reduced and only one peaks at zero point, which obviously shows the focus and collimation effects of the combined laser pulses. At the same time the longitudinal momenta are much larger in the combined pulse condition. This means that the acceleration structure can be kept for a longer time because of the suppression of the target deformation and electron heating. The final ion spectrum ͓see Fig.  5͑b͔͒ also shows the advantage of using the special laser mode. Although both the earlier spectra of the ions accelerate by the two kinds of pulses show a monoenergetic character, both the peak energy and the spectrum profile evolve when the acceleration continues. When we use the Gaussian pulse, the target deformation increases continuously and leads to enhanced electron heating. Then, the ion spectrum deviates from the quasimonoenergetic peak to a thermal spectrum with an increasing cutoff energy. However, the monoenergetic peak always exists when a combined pulse is used. This is due to the self-modulation of the target profile by the combined laser pulses. By optimizing the two laser pulses such as Ќ , a , , the acceleration structure can be sustained and the final spectrum will be even narrower. The number of accelerated and collimated ions can also be tuned through the selection of the two pulse widths as shown in Fig. 3͑b͒ .
V. CONCLUSIONS
We study the laser mode effects on the ion acceleration using 2D-PIC simulations. We use circularly polarized laser pulse interacting with foil targets. It is shown that the usual Gaussian pulse heats the electrons when the target deformation appears. This leads to the sheath field acceleration interfering with the ponderomotive mechanism. The final ion spectrum broadens then. A super-Gaussian pulse can effectively avoid target deformation. Yet, instabilities with the scale length of laser wavelength are excited at the target surface. This instability finally destroys the target. We tentatively propose to use laser pulses with a special transverse profile, such as combinations of the Gaussian and the superHermite pulses, to simultaneously accelerate and collimate ions by the laser ponderomotive force effect. Our initial 2D-PIC simulations demonstrate feasibility of this approach.
